We evaluated the effects of moderate-to low-intensity physical training during gestation on reflex ontogeny in neonate rats whose mothers were undernourished. Virgin female Wistar rats were divided into four groups as follows: untrained (NT, n 7); trained (T, n 7); untrained with a low-protein diet (NT þ LP, n 7); trained with a low-protein diet (T þ LP, n 4). Trained rats were subjected to a protocol of moderate physical training on a treadmill over a period of 4 weeks (5 d/week and 60 min/d, at 65 % of VO 2max ). After confirming the pregnancy, the intensity and duration of the exercise were reduced. Low-protein groups were provided with an 8 % casein diet, and controls were provided with a 17 % casein diet. Their respective offspring were evaluated (during the 10th -17th days of postnatal life) in terms of physical feature maturation, somatic growth and reflex ontogeny. Pups born to mothers provided with the low-protein diet during gestation and lactation showed delayed physical feature and reflex maturation and a deficit in somatic growth when compared with controls. However, most of these deficiencies were attenuated in pups of undernourished mothers undergoing training. In conclusion, physical training during gestation attenuates the effects of perinatal undernutrition on some patterns of maturation in the central nervous system during development.
It has been well established that insults, such as malnutrition, during the critical period of development of the nervous system can have noticeable impacts on the development of brain structure and function, resulting in developmental dysfunctions and diseases in later life (1) . A perinatal low-protein diet is associated with impaired cerebral vascularisation and reduced dendrite numbers in the rat offspring (2) .
Human infants born with fetal intra-uterine growth restriction have reduced hippocampal volume, which has been associated with functional behavioural differences (3) . The reflex maturation pattern, 'a behaviour elicited by exactly prescribed stimulation', is used to demonstrate an appropriate maturation of the central nervous system during development (4) . Using this model, our previous study demonstrated a delay in the maturation of reflexes, as well as deficits in locomotion patterns caused by postnatal malnutrition in neonatal rats (5) . In addition, reductions in protein or energy intake during the perinatal period may influence feeding behaviour and locomotor activity in adult rats (5, 6) . Such structural and functional changes in the brains of the offspring may be due to changes in cerebral metabolism, reduced nutrients in placental space or reduced oxygen consumption by dams (7) .
Recently, it has been recognised that an active maternal lifestyle, including regular-to-moderate physical activity, improves aerobic fitness and the maternal -fetal physiological reserve by enhancing nutrient and oxygen availability to the fetus (8) . In the nervous system, maternal exercise during pregnancy has beneficial effects on brain functions and structures of both mother and offspring (9) . In rats, exercise during pregnancy increases the expression of brain-derived neurotrophic factor hippocampal mRNA and spatial learning in rat pups (10) . Maternal treadmill running during pregnancy (30 min at a mild intensity, once a day until delivery) enhanced hippocampal cell survival and improved the short-term memory capability of pups of rats compared with the control group (11) . A human study showed that mothers who trained during gestation showed better self-esteem and a lower incidence of depression during pregnancy, and their offspring showed fewer signs of stress during delivery and were in better general condition (as evidenced by higher Apgar scores) (9) .
In our previous study, we demonstrated that in rats, a controlled moderate-to low-intensity exercise before and during gestation (5 d/week and 60 min/d, 40 -70 % of VO 2max ) attenuated the impact of the low-protein diet by improving the mothers' resting oxygen consumption (12) . In the present study, the impact of the moderate-to-low protocol of physical training during gestation on the reflex ontogeny in neonates whose mothers were undernourished, was evaluated. Our hypothesis was that exercise-induced protective changes in the brain during gestation attenuate the impact of a low-protein diet on somatic development and reflex ontogeny in the offspring.
Methods
The experimental protocol was approved by the Ethics Committee of the Biological Sciences Center (protocol no. 23076.049077/2010-80), Federal University of Pernambuco, Recife, PE, Brazil, and we followed the Guidelines for the Care and Use of Laboratory Animals (13) .
Animals
Virgin female albino Wistar rats (Rattus norvegicus), 60 d old, were obtained from the Department of Nutrition, Federal University of Pernambuco, and were maintained at a room temperature of 22^18C with a controlled light-dark cycle (dark 06.00-18.00 hours). The animals were given standard laboratory chow (52 % carbohydrate, 21 % protein and 4 % lipids -Nuvilab CR1-Nuvital w ; Curitiba, Parana, Brazil) and water ad libitum. The animals were randomly divided into two groups: untrained rats (NT, n 14) and trained rats (T, n 11). The trained rats were submitted to a training programme of moderate running over a period of 4 weeks (5 d/week and 60 min/d) on a treadmill (EP-131 w ; Insight Equipments, São Paulo, Brazil) at a controlled intensity based on their VO 2max (12) . After a 4-week training period, the rats were mated (two females for one male). The day on which spermatozoa were present in a vaginal smear was designated as the day of conception, day 0 of pregnancy. Pregnant rats were then transferred to individual cages. Half of the rats of each group received ad libitum a 17 % casein diet, and the other half received an 8 % casein isoenergetic diet (low-protein group, LP; Table 1 ). Thus, two more groups were formed as follows: untrained (NT, n 7); trained (T, n 7); untrained with low-protein diet (NT þ LP, n 7); trained with low-protein diet (T þ LP, n 4). The exercise programme was maintained during gestation, with a progressive reduction in intensity until day 19 of gestation (12) . During the suckling period, the offspring were maintained as litters of six pups, and their mothers continued to be provided with the respective diet of either 8 % casein or 17 % casein. The litters of six pups represent the sample that was evaluated: untrained (NT L , n 7); trained (T L , n 7); untrained with low-protein diet (NT þ LP L , n 7); trained with low-protein diet (T þ LP L , n 4). The evaluation of the physical characteristics, growth and reflex ontogeny of pups was performed between days 10 and 21 of the suckling period. The collection of physical characteristics and behavioural data was performed under blind conditions.
Protocol of physical training
The protocol of physical training was performed according to Amorim et al. (12) . The rats ran on a treadmill during the 4 weeks before pregnancy (5 d/week and 60 min/d, at 65 % VO 2max ). The protocol was divided into four progressive stages in each session: (i) warm-up (5 min); (ii) intermediary (10 min); (iii) training (30 min); (iv) cool-down (5 min) periods. The percentage of VO 2max during the sessions of training was kept at about 55 -65 % (12) . During pregnancy, the rats ran at a progressively lower intensity of effort (40 % VO 2max , 5 d/week and 20 min/d) until the 19th day of gestation. There was no physical training during the lactation period.
Mother's body weight and food intake
The mother's body weight was recorded daily, and daily food consumption was determined by the difference between the amount of food provided at the onset of the dark cycle (06.00 hours) and the amount of food remaining 24 h later (6) . Body weight and food weight were recorded with a Marte Scale (AS-1000) with a 0·01 g accuracy.
Physical feature maturation of the offspring
The internal auditory conduit opening of both ears and eyes (i.e. when any visible break in the covering membrane of both eyes) was observed. The features were evaluated daily between 13.00 and 15.00 hours by the method of Smart & Dobbing (4) during the suckling period, until maturation. The maturation age of a particular feature was defined as the day it was first observed.
Somatic growth
Somatic growth was assessed in terms of body weight, tail length and mediolateral and anteroposterior head axis measurements performed from the 10th to the 17th postnatal day between 13.00 and 15.00 hours as follows: body weight of the pups was recorded daily throughout the experiment with a Marte scale with 100 mg precision. Body weight gain was calculated as follows:
Percentage weight gain ¼ ðbody weight ðgÞ £ 100=birth weight ðgÞÞ 2 100:
Changes in body weight (D body weight) were calculated by the gain of g/d (14) . Changes in body length (D body length) were calculated by the gain of mm/d (14) . Tail length (distance from tail tip to tail base), length of the laterolateral skull axis (distance between the ear holes) and length of the anteroposterior axis of the head (distance between snout and head-neck articulation) were measured with a digital caliper (Series 799A-12/300; Starrett w , São Paulo, Brazil) with a 0·01 mm precision.
Reflex test
Daily examinations evaluating a spectrum of reflexological tests (Table 2 ) (15) as indicators of neurological development were conducted from the 10th to the 17th postnatal days. Reflex tests were conducted between 11.00 and 13.00 hours. The time of the appearance of each reflex was defined as the first day of its occurrence during a period of three consecutive days.
Statistical analyses
Body weight and food intake of mothers are presented as means with their standard errors of the mean. Each litter of six pups was considered to be one sample, and statistical analyses were performed by using the mean values of each litter. For statistical analysis, data were analysed by two-way repeated-measures ANOVA, with mothers' diet (NT and NT þ LP) and physical training (T and T þ LP) as factors. Bonferroni's post hoc test was used. For reflex ontogeny and physical characteristics, data are presented as median and minimal and maximal values. The Kruskal -Wallis test followed by Dunn's test (reflexes) was applied for multiple comparisons. Significance was set at P, 0·05. Data analysis was performed using the statistical program GraphPad Prism 5 w (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Gain of body mass was lower in the second and last third of gestation in the groups submitted to a low-protein diet, whereas physical training had no effect on the gain of body mass (NT, 33·9 (SEM 2·4); T, 35·9 (SEM 1·5); NT þ LP, 26·9 (SEM 1·2); and T þ LP, 28·8 (SEM 2·1); P, 0·05; Fig. 1(a) ). Data were adjusted for the number of pups born to each dam (NT, 10·0 (9-12); T, 9·5 (9 -13); NT þ LP, 9·5 (8 -10); and T þ LP, 10·0 (8 -10); values expressed as medians (minimum and maximum)). Pearson's correlation coefficient between the number of pups and body weight gain of the mother was not significant (r 2 0·29). Daily food intake during gestation and the first week of lactation was not different among the groups (Fig. 1(b) ). On the second week of lactation, rats of the trained groups ingested more food, whereas groups provided with the low-protein diet ingested less food daily when compared with controls ( Fig. 1(b) ).
Litters from NT þ LP mothers showed a deficit in the somatic growth indicators when compared with litters from the NT control group (Table 3) . When compared with the NT þ LP L group, the T þ LP L group showed higher values of growth rate, tail length, laterolateral skull axis and anteroposterior axis of the head (Table 3) .
During the lactation period (from 10th to 17th days of life), pups in each litter were analysed in terms of the development of physical characteristics and reflex ontogeny ( Table 4) . The physical features of pups from trained mothers (T L ) did not change, while those of undernourished pups appeared 2 d later compared with the control pups. For the time of 'eyes opening', the T þ LP L group was not different when compared with the NT L group. Similarly, the reflex ontogeny Lifts head and extends forepaws in the direction of the bench, making oriented 'walking' movements to go far from the edge, in 10 s of pups from trained mothers did not change, while the pups from mothers provided a low-protein diet during gestation and lactation showed delayed maturation of reflexes when compared with the control (NT L ) group, with the exception of the auditory startle response (Table 4 ). In comparison with the NT þ LP L group, the pups from trained and undernourished mothers (T þ LP L ) showed an early maturation of the vibrissa placing, cliff avoidance and negative geotaxis (Table 4) .
Discussion
Several studies on critical periods in brain development and the vulnerability of the developing brain to undernutrition have previously been performed (5,15 -19) . Undernutrition at 
0·1
NT L , litters of untrained rats; T L , litters of trained rats; NT þ LP L , litters of untrained rats with a low-protein diet; T þ LP L , litters of trained rats with a low-protein diet. a,b Mean values with unlike letters were significantly different from those of NT L and NT þ LP L using two-way ANOVA and Bonferroni's post hoc test (P, 0·05). * During gestation, the dams were submitted to physical training and fed a low-protein diet. During lactation, the dams remain receiving a low-protein diet. The pups into each litter were evaluated from 10th to 17th day during lactation.
the time of critical development appears to depress the rates of all brain growth events (17) . In fact, our data showed that physical features, somatic growth and ontogeny reflexes are severely affected in pups from undernourished mothers. However, these undernutrition-induced alterations were less pronounced in pups whose mothers were submitted to physical training during gestation.
Maternal weight gain is the standard measure used to assess the outcome of pregnancy, and it also allows examination of the extent to which an undernourished dam is able to change body composition to maintain lactational performance (20) . In the present study, patterns of response in terms of body weight gain and food intake by undernourished mothers were similar to those of the previous studies (20 -22) .
During lactation, undernourished mothers showed a reduced food intake, whereas trained mothers showed an increase in food intake. Because physical training can induce an increase in maternal lean body mass, the low-protein diet-induced catabolism can be attenuated by a mechanism that includes an increase in the availability of protein (8) . In addition, maternal physical exercise seems to have a positive impact on the maternal protein reserve, thereby improving the female's ability to sustain lactation, with more protein available for mobilisation allowing increased food intake and improved lactational performance (23) .
To minimise the effects of stress from mother/pups separation, which itself has a significant impact on behavioural responses (24) , the pups were evaluated in a shortened range of time because most reflexes mature after the 10th day of life (4, 5) . Our data showed that pups from undernourished mothers were smaller than those of the controls. Furthermore, the dimensions of the head were reduced. Maternal protein restriction is associated with lower stores of maternal nutrients and, subsequently, lesser transfer of nutrients to the offspring, which is related to reduced postnatal growth (25) . Intra-uterine malnutrition also has long-term effects on brain cell number and cell size, probably via alteration in the fetal mitotic rate (18) . However, moderate exercise during gestation may have beneficial effects on the indicators of somatic growth in the offspring from undernourished mothers by a mechanism that could include increasing uterine blood flow (26) , redistributing blood flow, changes in the production of fetal and placental hormones that control growth (27) and a higher resting oxygen consumption (12) . The repercussions of perinatal malnutrition on the development of the structural, neurochemical and functional integrity of the nervous cells are well known (28) . In the present study, there was a delay in the appearance of physical features and most reflexes, with the exception of the auditory startle response. In a previous study using a multi-deficient diet (regional diet basic, 8 % protein) during lactation, it was observed that reflexes -including free-fall righting, negative geotaxis, cliff avoidance and vibrissa placing -showed the same range of delayed days (5) . Although the different undernutrition models and the period of time (gestation, lactation or both) differed by experimental designs, one can be certain that the normal development of the brain is strictly related to balanced nutritional intake. Values were significantly different from those of NT L and NT þ LP L using the Kruskal-Wallis test followed by Dunn's test (P,0·05).
* During gestation, the dams were submitted to physical training and fed a low-protein diet. During lactation, the dams remain receiving a low-protein diet. The pups into each litter were evaluated from 10th to 17th day during lactation. † NT L , n 7; T L , n 7; NT þ LP L , n 7; T þ LP L , n 4.
Maternal physical training was able to attenuate the delayed reflex ontogeny-induced by undernutrition. The physiological mechanism can be associated with an increase in uterine blood flow, which occurs during moderate-intensity exercise, as well as with the expanded blood volume, and increased resting oxygen consumption found in response to regular exercise (8, 12) . The present study suggests that exercise should be considered as a therapeutic means of countering the effects of maternal undernutrition, and that it may provide a useful strategy for enhancing the neuronal activity of children born to mothers who experience a restricted diet during pregnancy.
